In species with endometrial decidualization and hemochorial placentation (humans, mice, and others), leukocytes localize to early implant sites and contribute to decidual angiogenesis, spiral arterial remodeling, and trophoblast invasion. Relationships between leukocytes, trophoblasts, and the decidual vasculature are not fully defined. Early C57BL/6J implant sites were analyzed by flow cytometry to define leukocyte subsets and by whole-mount immunohistochemistry to visualize relationships between leukocytes, decidual vessels, and trophoblasts. Ptprc + (CD45 + ) cells increased in decidua between Gestational Day (GD) 5.5 and GD 9.5. Uterine natural killer (uNK) cells that showed dynamic expression of Cd (CD) 69, an activating receptor, and Klrg1 (KLRG1), an inhibitory receptor, localized mesometrially and were the dominant CD45 + cells between GD 5.5 and GD 7.5. At GD 8.5, immature monocytes that occurred throughout decidua exceeded uNK cells numerically and many leukocytes acquired irregular shapes, and leukocyte-leukocyte conjugates became frequent. Vessels were morphologically heterogeneous and regionally unique. Migrating trophoblasts were first observed at GD 6.5 and, at GD 9.5, breached endothelium, entered vascular lumens, and appeared to occlude some vessels, as described for human spiral arteries. No leukocyte-trophoblast conjugates were detected. Wholemount staining gave unparalleled decidual vascular detail and cell-specific positional information. Its application across murine models of pregnancy disturbances should significantly advance our understanding of the maternal-fetal interface.
INTRODUCTION
In species with hemochorial placentation, blastocyst implantation initiates massive structural changes in the uterus that continue across pregnancy and are synchronized with conceptus development. Early endometrial changes include loss of uterine lumen epithelium at implant sites, decidualization of endometrial stromal cells, neoangiogenesis, leukocyte recruitment, and invasion of trophoblasts from the developing fetal placental primordium [1] [2] [3] . Most human gestational complications are linked to deviations in one or more of these processes [4] [5] [6] [7] . For example, deficits in molecules such as placenta growth factor (PGF) and excesses of antiangiogenic molecules such as soluble vascular endothelial cell growth factor receptor-1 (sFLT1) occur in preeclampsia, a syndrome that affects approximately 5% of all human pregnancies and that may include limited intravascular trophoblast invasion and intrauterine fetal growth restriction [4] . Angiogenic cells of many lineages are present in implant sites [8] [9] [10] [11] [12] and, in mice, include uterine natural killer (uNK) cells (the most abundant leukocytes in early decidua), macrophages, dendritic cells (DCs), and trophoblasts. These cell types produce proangiogenic factors, including vascular endothelial growth factor A (VEGFA), angiopoietins, and PGF [13, 14] .
Lymphocyte-promoted angiogenesis is recognized in pathological conditions such as cardiac infarcts, vascular grafts, and tumor growth [15] [16] [17] [18] . In these disease models and in normal tissues such as the developing fetus and neonatal retina, understanding of vasculogenesis, angiogenesis, and vessel remodeling has been advanced by whole-mount in situ hybridization and by whole-mount immunohistochemical staining of samples from normal and mutant mice [19] [20] [21] . In the present study, we apply the techniques of flow cytometry and whole-mount immunohistochemistry to early normal mouse decidua and report previously unrecognized changes in leukocyte subset proportions as well as dynamic expression of a selected pair of leukocyte activation and inhibitory receptors. In addition, we define the normal positional relationships between leukocytes, trophoblasts, and the vasculature from implantation (Gestational Day [GD] 4.5) to the onset of placental circulation (GD 9.5). By use of whole-mount staining, superior resolution of the heterogeneity and complexity of early decidual microvessels was obtained. Leukocyte-enriched decidua basalis was the most richly vascularized region. The earliest stages of trophoblast invasion into decidua were clearly visualized, as were the precise times for widespread leukocyte activation and for trophoblasts crossing the endothelium and entering vessel lumens.
MATERIALS AND METHODS

Animals
C57BL/6 (B6) mice were purchased from Charles River Canada (for use at Queen's University) or The Jackson Laboratory (for use at the University of Rochester). B6-Tg (UBC-GFP)/30SchaJ (Gfp þ/À ) mice from The Jackson Laboratory were bred to be homozygous Gfp/Gfp mice at Queen's University. For flow cytometry, at least three B6 females mated by B6 males were studied on each of GD 5.5, 6.5, 7.5, 8.5, and 9.5. For whole-mount staining, B6 female virgins (n ¼ 5; estrous cycle dated by ovarian gross morphology and vaginal smear) or females mated to syngeneic normal or Gfp/Gfp males were studied (copulation plug ¼ GD 0.5). Pregnancies were studied at GD 4.5, 5.0, 5.5, 6.5, 7.5, 8.5, and 9.5, with from two to five pregnancies per time point. Mice were euthanized by cervical dislocation, and uteri were removed and dissected as described below. All animal usage was covered by approved animal utilization procedures at the respective institutions.
Fluorescence-Activated Cell Sorting Analyses
For fluorescence-activated cell sorting (FACS) analyses, decidual capsules were removed from the uterine wall, and five (or more for GD 5.5) littermate implant sites were pooled. Conceptuses were not removed. Deciduas were processed into single-cell suspensions using a modification of a previously published technique [22] . Briefly, tissues were finely minced in 0.2% collagenase D (Sigma Chemical) in Hanks balanced salt solution, incubated (378C, 45 min, rocking), filtered (mesh size, 40 lm) into PBS supplemented with 1% bovine serum albumin and 0.1% sodium azide (PBA), counted, washed (PBA, 48C, 300 3 g), and resuspended at 1 3 10 6 cells per 100 ll per flow cytometry tube in PBA. Samples were blocked using anti-CD16/CD32 (supernatant of hybridoma 2.4G2; American Type Culture Collection), followed by the addition of primary antibodies (0.5 lg/ml) for a 30-min incubation on ice. The antibodies used in flow cytometry and in the wholemount analyses are given in Supplementary Table S1 (all Supplemental Data are available online at www.biolreprod.org). Next, cells were washed by centrifugation (5 min, 48C, 300 3 g) in 1 ml of PBA and resuspended in 300 ll of PBA for data collection using an eight-color FACSCanto cytometer (BD, Franklin Lakes, NJ) using fluorescence minus one (FMO) as controls. Samples were analyzed using FloJo software (Treestar).
Whole-Mount Staining
Dissections. Uterine dissections for whole-mount staining were conducted under dissection microscope magnification (253-503) and varied by GD. Virgin and GD 4.5 uteri were bisected at the cervix, after which, using a scalpel, each horn was halved in length and then cut from either the mesometrial to antimesometrial side or transversely to separate the mesometrial from the antimesometrial side. Tissues were then placed into PBA on ice. For GD 5.0-9.5, when implant sites could be discriminated, uteri were dissected into individual implant sites. For GD 5.0 and GD 5.5, each implant site was transected in half (i.e., the uterine wall was not removed). From GD 6.5 to GD 9.5, the uterine wall was incised along the antimesometrial border using no. 5 watchmaker forceps (Fine Science Tools), reflected over the mesometrial side, and trimmed using a razor blade to leave only a small skirt of mesometrial myometrium at the decidual attachment site as a landmark. GD 6.5-9.5 decidual capsules were then halved midsagittally or transversely under dissection microscopy with the goal of exposing the embryonic crypt. Dissections are shown in Supplementary Figure S1A . Rare resorption sites were excluded from the study.
Procedure. Whole-mount staining was performed as previously described [20] . Briefly, dissected tissue was incubated in 200 ll of PBA in a 5-ml tube along with 10 lg/ml of blocking antibody to the immunoglobulin (Ig) G Fc receptor (anti-CD16/CD32; supernatant of hybridoma 2.4G2) and 5-10 lg/ml of fluorescent-conjugated (fluorescein isothiocyanate [FITC] 
Paraffin Section Histology
To support the interpretations of whole-mount staining, sections (6 lm thick) were prepared from archived, GD-matched, paraffin-embedded blocks of perfusion-fixed (4% paraformaldehyde) B6 uteri and stained using routine protocols for hematoxylin and eosin (H&E) or lectin Dolichos biflorus agglutinin (DBA) [23] .
Morphometric Studies and Statistics
One-way ANOVA was used to compare differences in flow cytometric mean fluorescence intensity (MFI) over time within a particular cell population; a P-value of less than 0.05 was deemed to be significant. For measurement of vessels and trophoblast migration, tissue images were divided into 12 numbered quadrants. A random number generator was used to select four different grid boxes in which all the vessels were measured for width. Edge endothelial cells were traced, and Image J software (Media Cybernetics, Inc.) was used to calculate the average distance between the walls of the vessels. Images of implant sites from two or three different uteri were used to calculate mean vessel width using 17-19 measurements taken within a similar decidual region. To address vessel branching, the same randomization process was used, and within selected grids, each branch point in the same visual plane was counted in images collected at 1003 magnification. One-way ANOVA was used to compare values, with a P-value of less than 0.05 again considered to be significant. Trophoblast invasion distance was measured from either embryonic pole and from the lateral side of the conceptus in a straight line to the furthest detectable trophoblast cell. This measure was not compared between implant sites due to variability in angles of cuts and in exact embryonic developmental stage both within and between litters.
RESULTS
FACS Analyses of Leukocyte Subsets in GD 5.5-9.5 Mouse Decidua
To identify leukocyte subsets present in early pregnancy, decidua (visible from GD 5.5) were peeled from the uterine wall and dissociated (without conceptus removal) into singlecell suspensions for flow cytometric analyses. Grossly, decidual sizes increased as pregnancy progressed. This was reflected in the increasing total cell yields per decidua (including conceptus; data not shown) and in increasing Ptprc þ (CD45 þ ) cell yields per decidua ( Supplementary Fig. S2A ) between GD 5.5 and GD 9.5. These developmental times precede fetal leukocyte development. Leukocyte subsets were expressed as percentage of CD45 þ cells (Fig. 1A) . At GD 5.5,
were the dominant subset, representing 50% of total CD45 þ cells. NK cell percentages decreased in whole decidua over time, and by GD 9.5 (midpregnancy), NK1.1 þ NK cells were 10%-15% of total CD45 þ cells. A population possessing monocyte-like surface markers (Emr1
þ )) was fourth in abundance at GD 5.5; second in abundance at GD 6.5 and GD 7.5, and the dominant leukocyte population at GD 8.5 and GD 9.5. Importantly, this population did not express myeloid-derived suppressor cell markers such as Gr-1. A small percentage (2.7%) of the F4/80
þ cells expressed the eosinophil marker Siglec5 (sIglec-F) [24] . Macrophages and DCs each composed 15%-20% of total CD45 þ cells, and their proportions were stable over the study interval. Less abundant populations were also relatively stable between GD 5.5 and GD 9.5 and present in the declining order of Cd19
). The proportion of B cells increased from approximately 5% to approximately 20%-25% at GD 9.5.
Activation status was examined in selected lymphocyte subsets. The early activation marker CD69 was highly expressed by all GD 5.5 and GD 6.5 uNK cells, then CD69 MFI declined (Fig. 1B) . At all times, most uNK cells expressed high levels of the inhibitory surface receptor KLRG1 (Fig. 1C) . Importantly, MFI indicated that KLRG1 levels on reactive uNK cells increased significantly with gestation. These data suggest an inverse correlation between the activation marker CD69 and the inhibitory marker, KLRG1, on uNK cells. CD69 was expressed at minimal levels on CD4 þ and on CD8 þ T cells (Fig. 1B) . KLRG1 levels on CD8 þ T cells also increased with advancing gestation, but in the case of CD8 þ T cells, a change in the percentage of KRLG1 þ cells, which increased from approximately 5% to approximately 40%, was responsible for the overall increase in MFI rather than MFI per cell (Fig. 1C) .
Whole-Mount Analyses
Cycling uterus. To address whether whole-mount staining would resolve vessels of the adult mouse uterus and to define potential landmark features, staining with anti-Pecam1 (CD31), a marker predominately on endothelium of blood and lymphatic vessels, was applied to longitudinally cut horns from cycling uteri. Serosal (external uterine surface) vessels CROY ET AL. served as landmarks. These vessels were relatively straight, long, and appeared to be longitudinally aligned with external uterine wall muscles (Fig. 2Ai ). This alignment was confirmed using paraffin-embedded, H&E-stained sections (Fig. 2Aii) . Wider, blunt-ended vessels were seen deeper in the uterine wall (myometrium) (arrowheads in high-power inset of Fig. 2Ai ). These vessels were confirmed to be lymphatic using antiLyve1 (LYVE-1) antibody staining (data not shown).
The uterine mucosal (lumen) surface was highly folded in stained, unfixed whole mounts ( Fig. 2Bi ) and in histological sections of fixed uteri (Fig. 2Bii) . Mucosal vessels were more varied structurally than serosal vessels and distinct from them. No lymphatic-like vessels were observed from the mucosal side. In specimens stained for CD45, leukocytes were evident across the uterine mucosa (data not shown).
Gestational Days 4.5 and 5.0. By GD 4.5, mouse blastocysts have hatched from the zona pellucida, elongated, and attached to the antimesometrial uterine wall, stimulating the process of uterine lumen closure [25] . In GD 4.5 wholemount specimens, GFP-tagged conceptuses were readily detected by their green fluorescence. The GFP signal occurred across the embryo and provided definition of embryonic structures (Fig. 3) . The Gfp þ/À had no leukocyte-enrichment (Fig. 3A) . Vessels appeared to be stable and without evidence for initiation of angiogenesis (Fig. 3B ), but uterine lumen closure had advanced (compare asterisk in Fig. 3A to that in Fig. 2Bi ). Angiogenesis began within the next 12 h and was recognized as an increase in the number of vessels and a morphologic change in CD31 þ endothelial cell edges (blebbing). Blebbing was interpreted as endothelial tip cell differentiation and sprouting from preexisting vessels. Sprouting angiogenesis (arrowheads in Fig. 3D ) was widespread and appeared to radiate from the Gfp þ/À conceptus at the center of each implant site ( Gestational Days 5.5-7.5. From GD 5.5, implant sites can be recognized grossly as decidual swellings and dissected. GD 5.5-7.5 sites enlarge primarily by decidual rather than conceptus growth (Fig. 4A , GD 6.5). Whole-mount staining of GD 5.5-7.5 implant sites showed expected features defined previously by standard histological methods (Fig. 4A ). Implantation chambers containing conceptuses enlarged, residual uterine lumens diminished, and CD45 þ cells became enriched mesometrially. Whole-mount staining suggested a stronger relationship between CD45 þ cells and myometrium than conventional histology and provided a two-dimensional perspective of a leukocyte ''cloud'' in decidua basalis (Fig.  4B ). CD45
þ cells were present outside of the cloud but at lower cell frequencies (Fig. 4B) . Surfaces lining the implan- Immune cell subsets were defined as follows:
À , Gr-1-monocyte-like cells. The activation markers, CD69 (B) and KLRG1 (C), were used to examine lymphocytes and are expressed as MFI for each cell population. Experiments were repeated three times per time point; data are presented are the mean 6 SEM from the replicate experiments. An asterisk indicates significance (P , 0.05) as determined by a one-way ANOVA comparing differences in MFI over time within a particular cell population.
CELLULAR RELATIONSHIPS IN NORMAL EARLY DECIDUA tation chamber were vividly CD31 þ on GD 5.5 (data not shown). This intense, positionally restricted reactivity, not present at GD 5.0, was sustained at GD 6.5 (Fig. 4 , Ci, Ciii, and Civ) and at GD 7.5 (Fig. 5, D , Ei, and Eii) and extended to include the residual uterine lumen after GD 5.5. The initial superbright CD31 þ staining at GD 5.5 was on epithelial or endothelial cells, because CD45
þ CD31 þ cells were infrequent (,1%) in whole mounts at this time. At GD 6.5 and GD 7.5, approximately 50% of CD45 þ cells examined by whole-mount immunostaining expressed visually detectable CD31 (Supplementary Fig. S2B ). FACS analyses performed at GD 7.5 and GD 9.5 confirmed CD45 þ cells coexpress CD31 (Supplementary Fig. S2, C and D) .
At GD 5.5, angiogenesis involving web formation became prominent. Broad vascular webs continued to be seen until midpregnancy, when the present study concluded. Web-type angiogenesis (encircled areas in Fig. 4Cii , illustrating GD 6.5) was most prominent in the CD45 þ cell-enriched decidua basalis (Fig. 4Cii) and in lateral decidua (asterisk in Fig. 4Ciii , illustrating GD 6.5), a region relatively deficient in CD45 þ cells. In decidua basalis, webbed vessels, estimated to have a mean lumen width of 8.6 6 3.1 lm, were relatively short, densely packed, and present at varying depths. Webbed vessels of lateral decidua were narrower (4.5 6 1.2 lm, P , 0.001), less complex, and less densely stacked than in decidua basalis. Neither region showing prominent webbed angiogenesis contained GFP þ trophoblast cells at GD 5.5 or GD 6.5. Sprouting angiogenesis appeared to be more prevalent than webbed angiogenesis antimesometrially (Fig. 4Civ , illustrating GD 6.5). Antimesometrial vessels were found in zones that appeared to represent the early primary decidua closer to the conceptus and the later developing secondary decidua closer to the uterine wall (Fig. 4Civ , illustrating GD 6.5). Vessels of the primary decidual zone were wider in lumen diameter (6.8 6 1.6 lm) and had an average of 10.7 branch points per grid quadrant. Vessels in the secondary decidual zone were narrower (3.7 6 0.7 lm, P , 0.001) and more highly branched (average of 19.5 points per quadrant, P , 0.05). By GD 7.5, antimesometrial angiogenesis was less evident, and vessels appeared to be more mature (pruned). Whole-mount FIG. 2. Photomicrographs of the external serosal and internal mucosal surfaces of a diestrous, virgin B6 uterus. The mesentery supporting the uterus and providing its blood supply (mesometrium) is uppermost in all images. In whole-mount images (Ai and Bi), CD31 þ cells are red. Whole-mount staining in Ai shows the external surface of the uterus (serosa). Superficial vessels were narrow and appeared to be aligned with the outer longitudinal smooth muscle layer of the uterine wall. An image of a paraffin section from a diestrous uterus (Aii) confirms parallel vessel alignment (arrows) with the outer longitudinal smooth muscle layer (LSM) in an H&E-stained, red pseudocolored section. This vascular relationship terminated at the inner circular smooth muscle (CSM) layer. On the serosal side, deeper, wider, blunt-ended CD31 þ structures were seen (arrowheads) that had the typical appearance of lymphatics (higherpower inset in Ai). In other whole-mount specimens, lymphatic identity of these vessels was confirmed using LYVE-1 staining (data not shown). An image (Bi) illustrates vessels of the undulating virgin uterine mucosa exposed by a midsagittal cut. The uterine lumen (*) is dark and lies between the vascularized walls. Also shown (Bii) is an H&E section of a similarly cut virgin uterus showing the uterine lumen (*), lined by epithelium; deep folds called crypts (Cr) and uterine glands that branch from the crypt bases (blue chevrons). During implantation, hatched blastocysts locate into antimesometrial crypts. Original magnification 3658 (Aii); bar ¼ 200 lm (Ai and Bi) and 150 lm (Bii).
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analyses between GD 5.5 and GD 7.5 provided more resolution of angiogenesis and greater detail concerning decidual vascular heterogeneity than standard histological sections (compare Fig.  4 , A and Ci-iv).
Movement of individual trophoblast cells away from conceptuses was first detected at GD 6.5 whether conceptuses were heterozygous or homozygous for Gfp (heterozygous, see Fig. 5 ; homozygous, see Supplementary Fig. S1B ). The initial advancement of trophoblasts into decidua basalis was as small, round, single cells that lay between vessels (i.e., merged images lacked yellow coloration) (Fig. 5, A , Ci, and Cii, and Supplementary Fig. S1B ). No enrichment was found in CD45 þ cells at sites containing the initially invading Gfp þ/À trophoblast cells (Fig. 5 , Ci and Cii). Trophoblast advancement was robust not only from the ectoplacental cone into the decidua basalis but also at the opposite embryonic pole (Fig. 5 , Ei and Eii). Fewer trophoblasts advanced laterally (Fig. 5, D and Ei), and these traveled shorter distances (372 lm in Fig. 5D ) than trophoblasts moving out from the embryonic poles (1498 lm mesometrially and 1192 lm antimesometrially in the implant sites illustrated in Fig. 5, D and Eii). By GD 7.5, invading trophoblasts had become more heterogeneous in size (Fig. 5 
At GD 6.5 and GD 7.5, leukocytes, many of which expressed CD31 ( Supplementary Fig. S2, B-D) , associated with vessels of decidua basalis (Fig. 5Cii) . These CD45 þ cells were of multiple lineages and many were not NK1.1 þ uNK cells (compare Supplementary Figs. S2F and S2E) . Additionally, irregularly shaped, CD45 þ cells were prominent in antimesometrial decidua (Fig. 5B) . Upon careful study, these irregularly shaped cells (negative in whole-mount staining for F4/80, Gr-1, and CD11c, but positive for CD11b; not shown) were also identified mesometrially in the leukocyte-dense area and in the lateral decidua. Indeed, these immature, monocytelike cells appeared to be uniformly distributed across the entire decidua as single cells and were never observed in conjugates or clusters with other CD45 þ cells or with trophoblasts. One third of the irregularly shaped CD45 þ cells expressed class II major histocompatibility complex (MHC; data not shown), suggestive of antigen presentation capability, but none expressed detectable CD31 in whole-mount staining (data not shown).
Gestational Days 8.5 and 9.5. At GD 8.5 and GD 9.5, mouse fetuses show rapid development and growth, including head folding, continuing somite differentiation, organogenesis, and outgrowth of the allantois, which will fuse with the chorionic plate and complete placental differentiation during GD 9 [26] . Over this interval, antimesometrial decidua regresses, and leukocytes increase in number in decidua basalis [8, 27, 28] . Whole-mount staining of GD 8.5 implant sites showed these plus additional features. Intensity of CD31 staining around conceptuses decreased, apparently due to disruption of the vivid CD31 þ region by radial, extravascular trophoblast outgrowth and amniotic cavity enlargement (Fig.  6A ). Vessels were less densely packed immediately surrounding the conceptus than at earlier times due to expansion of the fluid-filled fetal amniotic cavity (compare Figs. 6A and 3C ). Antimesometrial trophoblast expansion consumed space previously occupied by the antimesometrial decidua and its vessels. Connectivity of antimesometrial vessels was reduced (compare Figs. 6B and 4Civ) . Web-type angiogenesis continued in lateral and basal deciduas (Fig. 6, C and D) , but no vessels resembling spiral arterioles were observed. Leukocytes, including numerous CD45 þ CD31 þ leukocytes, were more abundant in the distal, densely vascular decidual basalis (Fig. 6 , C and D) than in decidua basalis proximal to the trophoblast interface (data not shown). At GD 8.5, many large and small CD45 þ cells showed irregular shapes (pseudopodia suggesting activation and/or movement) (see asterisk in Fig.  6D ), and leukocyte-leukocyte (see plus symbol in Fig. 6D ), but not leukocyte-trophoblast, conjugates were commonly observed. CD45
þ cell conjugation and shape alteration occurred distal to (Fig. 6D) as well as proximal to (data not shown) trophoblast. Occasionally, clusters of more than two leukocytes were seen (data not shown).
At GD 9.5, webbed angiogenesis continued mesometrially (Fig. 7A ) in the presence of high numbers of CD31 þ leukocytes (Fig. 7B) . By this time, migrating trophoblast cells had reached the region enriched in CD45 þ cells (Fig. 7C) , and very large cells contributed to trophoblast heterogeneity (Fig.  7D ). Many trophoblast cells had now established an intimate relationship with endothelium in vessels at the decidualconceptus interface (Fig. 7D) . Yellow in merged images represents colocalized trophoblasts and endothelial cells, and these images suggested neither displacement nor damage of endothelial cells during trophoblast entry into vessels. Transendothelial trophoblast migration was apparent at some sites Fig. 7D ). Unexpectedly, trophoblast appeared to occlude the lumens of some arterioles (trophoblast does not have venous associations). As marked by arrowheads in Fig.  7D , a series of closely related, occluded vessels occurred. Such sets of rings may represent cross-sections of spiral vessels. In Figure 7A , a large, remodeling vessel acquiring a spiral shape (arrows) was also present, distal to the region of the partial/ complete trophoblast plugs. Trophoblastic plugs are transient structures observed during human, baboon, and macaque spiral arterial remodeling [29, 30] .
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DISCUSSION
Many techniques have been used to address lymphocyte functions and trophoblast-endothelial cell interactions in mouse and human pregnancies [31] . Combined application of flow cytometric analyses and whole-mount immunostaining to investigate early mouse implant site decidua confirmed, integrated, and enlarged previous knowledge. New insights were gained by simultaneous focus on three cell types: leukocytes, trophoblasts, and endothelium. Flow cytometric analyses of CD45 þ cells in whole decidua indicated fluctuations in proportions of several leukocyte populations such as uNK cells, immature monocytes, and B cells but relative stability in the proportions of others, such as granulocytes, DCs, and T cells. The uNK cells were defined as CD3
þ , a phenotype of uNK cells that declines between implantation and midpregnancy [32, 33] . The DBA lectin that defines the expanding uNK cell subset was not successful as a fluorochrome-tagged reagent in whole-mount staining (data not shown). This, plus presentation of the data as a proportional analysis of uNK cells against all decidual CD45 þ cells rather than as absolute uNK cell numbers in only the decidua basalis þ cells are pseudocolored green, and CD31 þ cells are pseudocolored red. The CD45 þ cells appear as a dense cloud (*) with a crescent shape along the base of the decidua basalis (myometrium was removed in this specimen, originally photographed in black and white). CD45 þ cells occur but are not enriched in decidua basalis proximal to the implantation chamber (EC) or in lateral decidua (þ). C) In PE-CD31-stained whole-mount image C with a Gfp þ/À conceptus, CD31 þ cells are red, and conceptus-derived cells are green. Ci) Lowpower, whole-mount image from the same gestational time as images in A and B with EPC uppermost and primitive-streak embryo below. An arrow marks the embryonic crypt surrounded by superbright CD31 þ cells. At GD 5.5, intense CD31 reactivity surrounded conceptuses but did not extend to the residual uterine lumen (data not shown). By GD 6.5, the superbright CD31 þ staining had extended to include the residual uterine lumen (not shown; located outside of the image above the Gfp þ/À conceptus). Control staining (data not shown) was used to verify that neither non-specific antibody binding nor autofluorescence contributed to the CD31 þ or CD45 þ decidual staining patterns. Cii-Civ) Typical regional vascular differences shown at higher magnification. In Cii, decidua basalis, the most densely vascular region, is shown. Here, the poorly defined, diffuse, actively angiogenic vessels (examples encircled) are associated with high numbers of CD45 þ cells that, from GD 6.5, could coexpress CD31 (not shown). Conjugated CD45 þ cells remained rare (not shown). In Ciii, which shows lateral decidua (LD), angiogenesis differed by proximity to the implantation crypt. Webbed angiogenesis was more prominent proximal to the crypt (medially, marked by *), and sprouting angiogenesis was more prominent laterally, where very long, unbranched vessels were also seen (termination of arrow). In Civ, antimesometrially, vessels of the primary decidua (18; proximal to the conceptus) differed from those of secondary decidua (28; closer to the uterine wall). AMD, antimesometrial decidua; CSM, inner circular smooth muscle of uterine wall; LSM, outer longitudinal smooth muscle of uterine wall. Bar ¼ 150 lm (A), 200 lm (B and Ci), and 100 lm (Cii-Civ).
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FIG. 5. Whole-mount staining of GD 6.5 (labeled as Gd; A and B) and GD 7.5 (C-E) B6 implant sites. Mesentery supporting the uterus and providing its blood supply (mesometrium) is uppermost. CD31 þ cells are red, and CD45 þ cells are green, as are conceptus-derived GFP-expressing cells, which are a distinct, more intense, and diffuse yellow-green. Diagram to the right localizes the general positions of the whole-mount images within the decidualized (gray) implant site. Cells of conceptus origin are darker green with ectoplacental cone (EPC) and migrating trophoblasts (T) shown schematically. Yellowgreen circles represent CD45 þ cells enriched in decidua basalis. By GD 6.5, all B6 conceptuses had given off individual migrating trophoblast cells predominantly into decidua basalis (star in A). At GD 6.5 and GD 7.5, CD31 staining around the embryonic crypt was vivid (D, Ei, and Eii). At GD 7.5 (Ci, Cii, D, Ei, and Eii), trophoblast migration was obvious in all directions. In Ci, mesometrial invading trophoblasts (*) are shown with CD45 þ cells (L) in a green channel image. No enrichment of CD45 þ cells is apparent at the trophoblast interface. In Cii, the same field is shown merged with the red channel image revealing the greater relationships of CD45 þ cells with decidual vessels than with trophoblasts. Trophoblasts also at this stage were not interacting with endothelial cells (i.e., yellow is absent from the merged image). In D and Ei, implant sites from different litters, lateral trophoblast invasion towards the region of vascular sinus development is shown (arrowheads), whereas in Eii, a higher power image of Ei, antimesometrial invasion is shown (*). Many trophoblasts at the embryonic poles now appeared as contiguous cell sheets. Unusually shaped CD45 þ ''stellate'' cells were prominent in lateral and antimesometrial decidua (green in B, a high power image of a region with no invading trophoblasts), but they were generally masked mesometrially by the high numbers of other CD45 þ cells. Some ''stellate'' cells (;30%) reacted with monoclonal antibody to mouse class II MHC antigen (data not shown). In comparison with vessels of decidua basalis (C), vessels of the antimesometrial decidua (Eii) were shorter, narrower, had less webbing, and did not radiate from a single point. Mesometrial vessels were wider, longer, linked with a loop pattern, and converged on a CD31 superbright region suspected to be the residual uterine lumen. These decidual vascular differences were established before significant trophoblast invasion. Bar ¼ 100 lm (A, Ci, and Cii) 50 lm (B), 150 lm (D and Eii), and 200 lm (Ei).
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or the mesometrial lymphoid aggregate of pregnancy explains the apparent discordance of the present data with those of earlier quantitative studies. Figure 1A and Supplementary Figure S2 , E and F, emphasize that comprehensive understanding of leukocyte biology in early decidua has not been achieved.
Although NK cells and T cells expressed activation markers from GD 4.5, morphologic evidence for activation (leukocyte conjugate formation and for migration suggested by shape changes) was uncommon before GD 8.5, which is 4-5 days after blastocyst hatching and, thus, a time consistent with primary immune responses to antigens exposed at hatching. It is also the GD at which human indicator blood lymphocytes used in assays of adhesion to mouse decidual substrates first recognize changes in mouse decidual T cells and conjugate with them [34] . The most highly activated cells (CD69 þ ) in early decidua appear to be uNK cells, as reported in older lytic function assays [35] . However, assays under more supportive culture conditions (i.e., interleukin 15 and stroma) are needed to precisely define levels of uNK cell functions, because uNK cells also had the highest regulatory molecule (KLRG1) expression and this varied by GD. The proportions of decidual T cells observed in the present study are lower than those reported by others. Of note, most other reports addressed time points later than the morphologically suggested, GD 8.5 activation of CD45 þ cells. The possibility that any of the analyzed leukocytes are fetal in origin is excluded, because the aorta/gonad/mesonephros region where fetal hematopoietic stem cells first differentiate is not present before GD 8.5. GD 10.5 is the first day of detectable pre-B cell development [36] , and GD 11.5 is the first day the thymus becomes populated [37] . Studies were not conducted after GD 9.5, because thickness of the placenta prevented proper antibody penetration, success in coverslip mounting, and adequate tissue illumination. A notable difference between early murine and human deciduas is the much higher level of B cells in mice (;5%-25%) versus reports of no [38] or rare [39] B cells in humans. The gain in abundance of immature monocyte-like cells during decidual development has not been previously reported. These CD31-low, F4/80 A) The open neural tube (NT) of the fetus. Its curved body (B) and tail are visible, as is the amniotic cavity (*). Radial growth of trophoblast, largely as a cell sheet, is seen into regions that had previously displayed strong CD31 expression (arrowhead). The implant site is strongly indented by maternal vessels. In the remaining panels, mesometrium is uppermost. B shows outward-growing antimesometrial trophoblast and the thinning decidual region, where vessels no longer appear angiogenic but mature (pruned) or with diminished connections (regressing). At GD 8.5, trophoblasts still showed no interactions with endothelial cells. C and D) Implant sites from different litters. CD45
þ leukocyte enrichment of decidua basalis (DB) is illustrated. In C, note a wide vessel displaying webbed angiogenesis. Trophoblast cells were not present in this region. In D, note the widespread changes in CD45 þ cell shape apparent at GD 8.5 (*). These changes include extension of processes suggestive of activation and/or mobilization and conjugation between pairs of CD45 þ cells (þ). CD45 þ celltrophoblast conjugates were not observed. Bar ¼ 500 lm (A and B) and 50 lm (C and D).
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CD45
þ immune cells could be further divided into two populations that either expressed MHC class II (;30% of the total population examined by flow cytometry), characteristic of antigen-presenting cells, or lacked the expression of this molecule. Whole-mount analysis of this unusual cell subset showed uniform distribution across the entire decidua, suggesting functions quite distinct from the leukocytes enriched in decidua basalis.
Many round, CD45 þ cells in decidua basalis acquired strong expression of CD31 at GD 6.5, suggesting changes involving uNK cells. CD31 expression by lymphocytes is well known. In humans, some first-trimester CD3
þ [40] , and in blood NK cells, cross-linkage of CD31 triggers cytoskeletal rearrangement [41] . CD31 is also thought to differentiate naïve (CD31 þ ) from activated (CD31 À ) T cells [42] . More recently, human CD31
þ , but not CD31 À , T cells or NK cells were reported as angiogenic cells contributing to endothelial repair, migrating in response to VEGFA and CXCL12 (signals also important in recruitment of endothelial progenitor cells) and secreting angiogenic cytokines [43] . Mice homozygous for CD31 deletion are normally fertile to at least 6 mo of age and have no apparent defects in angiogenesis or transendothelial leukocyte migration [44] . No analyses of early implant sites of CD31-null mice have been reported. The elevated expression of CD31 around the embryonic crypt on GD 6.5 and GD 7.5, with decline at GD 8.5, was previously reported [45, 46] . Those studies concluded that the CD31 staining was not over endothelial cells and postulated that leukocytes or dying epithelial cells were stained [46] . Our GD 5.5 data exclude leukocytes as the source of the superbright CD31 signal and suggest a stromal region that may separate leukocytes from early invading trophoblasts (Fig. 5C ). Other genes and molecules are coincidently upregulated in periimplant site stroma, including Cox2 [45] , Wnt family members [47] , and other progesterone-regulated genes [48] . Decline in CD31 expression around the embryonic crypt from GD 8.5 appeared to be due to physical disruption/displacement of CD31 þ cells due to radial trophoblast outgrowth. Trophoblast phagocytosis [49] of epithelial and decidual cells surrounding the embryonic crypt also likely contributed to the decline in CD31 superbright stromal cells.
Angiogenesis, as evidenced by widespread appearance of endothelial tip cells (Fig. 3D) , accompanied implantation at GD 5.0. VEGF and FLK1 (VEGFR2) heavily influence sprout frequency and directionality [50] . VEGFA expression becomes widespread immediately around the blastocyst at GD 5.0, then spreads mesometrially and antimesometrially at GD 6-8 [51] . In other models, induction of endothelial tip cells additionally requires Delta-like ligand-1 (DLL1) from sources exogenous to endothelial cells [52] . It will be important to determine if the paradigm of DLL1 induction of tip cells applies to implant site angiogenesis, both to identify the cells providing the exogenous signaling and to determine whether trophoblasts and/or ovarian hormones regulate DLL1. Fusion of sprouts is an essential step in vessel formation. During embryonic development, macrophages often bridge the connection between a spouting cell and its fusion target [53] . This maybe 
CELLULAR RELATIONSHIPS IN NORMAL EARLY
Other methods of new vessel formation include vasculogenesis, intussusception, and flow-driven remodeling [54] . The complexity of implant site vessels, illuminated by whole-mount staining, suggests multiple mechanisms contribute to decidual neovessels. The web-like vessels may suggest intussusceptions, which define vascular formation and remodeling processes that combine two or more existing vessels. Intussusceptions also indicate primitive vascular networks arising by vasculogenesis in which vessel formation involves circulating endothelial progenitor cells. Webbed angiogenesis was prominent in lateral decidual regions that would become vascular sinuses and in the more densely vascular decidua basalis. Because only the latter region is leukocyte enriched, induction of this type of angiogenesis appears to be independent of leukocyte functions. More probably, leukocytes, particularly those expressing CD31, may promote the abundance, rather than affect the nature, of neovessels.
Use of Gfp/Gfp studs provided conceptuses with tagged trophoblast. This permitted visualization of the very earliest steps in trophoblast migration undertaken by single, detached, ''pioneering'' cells. These single-cell migrations were not associated with either endothelium or leukocytes, and conjugates between trophoblasts and CD45 þ cells were never seen. Rather, trophoblasts from the ectoplacental cone migrated towards the leukocyte-enriched decidua basalis, whereas trophoblast outgrowth in other directions was independent of a leukocyte-enriched target region. At GD 9.5, some trophoblasts became intravascular. Unexpectedly, they appeared to occlude some decidual vessels, a finding that parallels trophoblastic plugs of spiral arterioles in humans [30] . Dispersion of human trophoblastic plugs opens the intervillous space to maternal blood flow. In mice, trophoblast plugs may transition hemodynamic control from the mother to conceptus, because it occurs at the time the gestationally induced decline in maternal blood pressure is reversed [55] .
In summary, application of whole-mount staining to early mouse implant sites containing Gfp þ/À conceptuses is successful. It images living, intact decidua in greater detail than histological sections, vascular casting, or ultrasound studies. The simplicity and speed of this technique suggest it will have wide application for studies of pregnancy in genetically modified or experimentally manipulated mice. Cell surface reagents successful in flow cytometric analyses usually work very well in whole-mount staining, enabling a wide scope of experimental questions. In other tissues, confocal microscopy and cell permeabilization protocols successfully reveal even greater cellular detail and merit development for early mouse decidua [52] .
